Phosphorus (P) recovery from wastewater has considerable potential to supplement limited fossil P reserves. Reliable cost data are essential for investor and policymaker decisions. In this study, investment and operational costs for nine P recovery processes were calculated from the investor's perspective, taking into account all relevant side effects on the sludge treatment or the wastewater treatment plant. The assessment was based on pilot and full-scale data which were thoroughly consolidated and standardized with technical and cost data from the German wastewater-sludge treatment train to enable direct comparison. The cost influence of precipitation processes on the current wastewater-sludge treatment train ranges from À0.14 (generating profit) to 0.23 EUR per population equivalent (PE) and year, while the cost influence of sludge leaching processes is around 2.50 EUR/(PE y). The cost influence of processes using dry sludge and monoincineration ash varies between 0.33 and 3.13 EUR/(PE y), depending on existing disposal pathways, mono-incineration, co-incineration or agricultural use of sludge. The specific costs per kg P recovered (À4 to 10 EUR/kg P) are in general higher than conventional fertilizer production (1.6 EUR/kg P). However, annual costs per PE represent less than 3% of the total costs for wastewater disposal.
INTRODUCTION
Ninety per cent of the phosphorus (P) mined worldwide is used for fertilizers. The replacement of the phosphorus used by crops is essential for sustaining high yields, feeding a growing population and satisfying increasing demand for meat and biofuels. Phosphorus rock reserves are concentrated in Morocco and Western Sahara (>73%; (USGS )), and their share of reserves is increasing as other countries mine their deposits at a higher rate. Only one phosphorus mine is operated in the EU, hence the 92% import dependency for mineral phosphorus (European Commission ) and the inclusion of phosphorus rock in the EU list of critical raw materials in 2014. However, municipal wastewater contains large amounts of P, and recovery of P from the wastewater stream could triple the mineral P recovered in Europe and thus reduce this critical dependence on imports (Hukari et al. ) .
Although many different pathways and processes have been developed in recent years for P recovery from wastewater and related streams, full-scale implementation of P recovery from these sources still lacks widespread uptake in the water sector (Kabbe et al. ) . One reason is the lack of reliable cost data for the different pathways and processes, which would enable the development of consistent policy approaches and facilitate the full-scale realisation of processes for P recovery with low additional costs. A few comparative cost assessments of P recovery processes have been published (Nättorp & Lüscher ; Rheinisch-Westfälische Technische Hochschule Aachen Fraunhofer IME Fraunhofer ISI Justus Liebig Universität ; Wetsus ; Egle et al. ) . The most recent comparison (Egle et al. ) is very thorough and tries to provide an evaluation of all available technologies. However, previous studies suffer from the inconsistent quality of the input data, basing their analysis on extrapolated laboratory and pilot data and available cost estimates from process developers for specific boundary conditions. The present work analyses financial life cycle costs (LCC) of P recovery for selected processes based on municipal sewage sludge, sludge liquor or sludge incineration ash as input material. A limited set of technologies with reasonable likelihood of implementation is analysed, and considerable time was spent consolidating mass and energy balances and cost assumptions. These P recovery processes were also assessed and described by the EUfunded research project P-REX (FP7 #308645) from a technical and environmental point of view (Niewersch et al. ; Herzel et al. ; Remy & Jossa ) .
A financial LCC analysis accounts for investment and operational costs from the investor's perspective. Costs borne by other actors are not considered (Hoogmartens et al. ) . The present study takes into account all relevant side effects on the sludge treatment line or the mainstream wastewater treatment plant (WWTP). The costs or revenues for all input and output materials are considered, only excluding the revenue of recovered phosphorus materials for which no defined marketing channel is offered by the technology provider. The study is based on cost data, as well as mass and energy balances, directly from technology suppliers or based on full-scale implementation case studies. All prices are reported for a reference country (Germany) and reference process conditions. This cost analysis should reveal the distribution of cost types for a given process, the cost of processes relative to one another and to other environmental technologies.
METHODS
In total, nine scenarios for phosphorus recovery were investigated in this study. Three scenarios for disposal of digested and dewatered sludge without phosphorus recovery were used to establish a baseline. A short description is given in Table 1 . Flow schemes and additional info can be found in the technical factsheets of P-REX (Kabbe et al. ; Remy b) .
Depending on the input material used (sludge, sludge liquor or sludge ash), the recovery processes intervene in different parts of the wastewater-sludge treatment-sludge disposal train. Figure 1 shows the system evaluated for scenarios 1 to 5, which are based on sludge or sludge liquor. Figure 2 shows the system evaluated for scenarios 6 to 9, which are based on dry sludge or ash.
A common mass and energy balance for all processes was established for cost analysis and life cycle assessment (LCA) within the P-REX project. The P-REX model was based on measurements from a large German WWTP (Remy a) and an average of German municipal sludge ash composition (Krüger & Adam ) . Overall German averages for the amount of sludge and ash per population equivalent (PE) are about 25% higher (Durth & Kolvenbach ; Statistisches Bundesamt (Publisher) ). Flows of sludge, ash and other inputs were evaluated in different cost components: Infrastructure (capex), Energy, Raw materials, Personnel and Maintenance. Output flows (Waste, By-products and Energy) were included in the cost components Materials cost, Materials sales and Energy, respectively.
Potential revenue from selling the phosphoric material is in general not included in the cost calculation. Most recovered materials do not yet have a functioning market, and their legal status and quality criteria are still developing. Consequently, the integration of these materials in the production chain of fertilizers and other products is only just beginning, making the prediction of potential revenue from the recovered materials uncertain at this point. If the output of phosphorus recovery processes is not directly suitable for sale (e.g. due to quality aspects or physical properties), marketing efforts might significantly increase the revenue but will, on the other hand, represent additional costs. Due to these uncertainties, product market value will only be included if the technology provider offers to purchase the P product at fixed conditions. At present, this is effective only for the Ecophos and Pearl processes. The costs of the other processes will be compared with the income potential from phosphorus material sales as summarized by Nättorp et al. () .
For scenarios 1 to 5, implementing phosphorus recovery has an impact on the existing wastewater-sludge treatment trains: both the phosphorus removed and the chemical treatment of the sludge may have beneficial (or negative) impacts on the WWTP or downstream sludge disposal. These process benefits are also quantified in the cost calculation ( Figure 1) .
Similarly, scenarios 6 to 9 are assessed by evaluating all inputs and outputs required for phosphorus recovery (Figure 2 ) to obtain the process cost. However, the interaction between the P recovery process and the existing wastewater-sludge treatment train is even more pronounced for the latter scenarios: if dried sludge or ash is processed in P recovery, costs for landfill and/or incineration can be avoided, although other disposal costs may occur depending on the type of waste to be disposed. In scenario 6, incineration of dewatered sludge is not required, as this process works directly with dried sludge as input. Processes working with incineration ash (scenarios 7 to 9) require sludge monoincineration as an obligatory upstream mineralization step. If the sludge is currently not mono-incinerated, the introduction of these recovery technologies will require a switch to this technology, which will generate additional costs. Taking cost data of reference treatment trains R1, R2 and R3, the increased annual cost for mono-incineration can be included in the overall cost calculation.
Sensitivity analysis
A sensitivity analysis was performed to check the influence on the outcomes of assumptions for calculation and input data variation. Parameter ranges were chosen as small as possible, but still large enough to represent a realistic range of conditions. The analysis was restricted to three parameters that were identified as valuable for this exercise: phosphorus concentration in the raw materials (50% and 200% of standard value (osv)), production plant size (20% and 500% osv) and interest rate (50% and 200% osv).
The standard size for cost assessment of sludge-based processes was a 1 million PE WWTP. The standard size for cost assessment of ash processes was 2.5-2.7 million PE, for which the technology providers made their simulations and cost estimations based on engineering. To investigate sensitivity to plant size, costs were extrapolated to other sizes assuming that personnel costs remain unchanged, that the investment cost changes with the square root of the plant size change (Prasad ) and that other cost types change proportionally to the plant size.
Data collection, treatment and quality
Reference processes for WWTP and sludge treatment up to mono-incineration were defined with specific flows and compositions of streams (sludge liquor, sludge, ash etc. (Remy & Jossa )). Process data for all scenarios were transferred to this reference composition as the boundary conditions: for example, phosphorus concentration in sludge, liquor or ash might influence the performance (e.g. yield) of a process and most certainly its specific cost. Conditions for both chemical elimination of phosphorus and enhanced biological phosphorus removal (EBPR) were defined, and thus processes using sludge with different phosphorus elimination methods can be compared. The reference phosphorus concentration in ash is the average of data from mono-incineration plants treating essentially municipal sludge (Krüger & Adam ) . This concentration and the related concentration in sludge are approximately 30% higher than the German average. The collection of input data for the different processes of P recovery relies mainly on primary data collected from technology providers and operators. Data are therefore seen as representative of the individual technologies at the time of data collection (end 2014). Most processes realized a regular production campaign (test or commercial; Table 1 ) and the quality of these data is seen as high. If no production data were available, input data from pilot operation were used. Careful upscaling was done in close contact with technology providers and operators, and the data quality is estimated to be medium. Most cost data were collected in Germany and the remaining data were adapted to German price levels. Site-specific process data were transferred to the defined conditions in the reference model. Mass balances and cost data were cross-checked and intensely validated within the project team and with the data providers to ensure valid input datasets for high quality and representativeness of results.
The general characteristics and performance of the standard production plants is summarized for the nine assessed processes in Table 2 . Underlying assumptions were in general the same as for the LCA of the P-REX project (Remy & Jossa ) . Input and output as well as WWTP process benefits and assumptions specific to the cost assessment are given as supplementary material (available with the online version of this paper).
Calculation of the different cost types
Capex Investment costs were in general based on detailed engineering done by the technology providers. The amortization for equipment was set at 10 years for all processes, considering that the technologies are new and the actual technical lifetime is not proven yet. Assuming a public investor, the interest rate for capital expenses was estimated at 3%. Thus, an annuity for equipment of 11.7% could be calculated. Building and land costs were standardized to remove the influence of civil engineering and location on the process costs.
Material and energy cost and income
The material and energy costs given by the technology providers can be considered as accurate. They were part of offers to customers, and technology providers like to preserve their credibility. However, the prices are representative for a certain region (DE) and a certain point in time (end 2014) . They are also the result of the negotiation power of the buyer depending on volumes and contract duration. Two electricity prices were used. Most processes use the market price paid by an industrial customer. Processes which will most likely be situated at an incineration plant site (those using dried sludge or ash as input material) use the price at which the incineration plant can sell its excess electricity on the market, which is lower than the market price for industrial customers.
The average current sludge and ash transport costs in Germany were given by an industry partner active in sludge disposal management, and landfill costs were based on both the experience of the technology providers and published offers.
Process benefits
Sludge and sludge liquor-based processes may provide process benefits for the WWTP:
• Improved dewatering and reduced sludge volume to be disposed of.
• Less demand for polymers in dewatering.
• Reduced energy consumption for return load treatment in the mainstream WWTP, since phosphorus and nitrogen content in the return load are reduced (e.g. due to struvite precipitation in the liquor).
These can be monetarized using the specific sludge disposal, energy and polymer cost. The costs for chemicals and maintenance are also reduced. Lower maintenance results from preventing encrustations in EBPR plants. These avoided costs were assessed for Airprex based on data from the plants in Mönchengladbach, DE; Berlin, DE and Amsterdam, NL (0.16 MEUR/y in savings for a 1 Mio PE plant). The liquor precipitation processes also observe lower encrustation costs, but these could not be conclusively quantified and taken into account within this study.
Personnel cost
The number of operating personnel required to run the plant continuously was estimated by the technology providers. These were multiplied by 50,000 EUR, the typical annual salary of a WWTP operator including social costs.
Other costs
Insurance against fire, breakdown, damage etc. was approximated as 0.5% of the investment cost for all processes, except metallurgic and thermochemical ash treatment, which were slightly lower.
Annual maintenance was approximated as 2% of the investment per year for most processes. Some technology providers specified lower or higher values for their calculation. For the metallurgic treatment, the costs for the briquetting unit and participation in the cost of the gas turbine of the municipal solid waste incineration plant, proportional to the capacity used, were included in other costs. The technology provider of the Ash leaching 2 process is offering to finance and build the plant and provide hydrochloric acid in a contractual model. Their revenue is based on the sale of the phosphoric product, but also on a license fee offsetting the capex, which counts as other costs.
RESULTS AND DISCUSSION
Process costs and influence on the overall cost of wastewater and sludge treatment
Based on mass and energy balances, price quotes and other cost components, the process costs for standard plant sizes were calculated. They vary between À0.14 (savings) and 5.61 MEUR/y (Table 3 ). According to pilot tests (Langefeld & ten Wolde ), sewage sludge ash can be used as input in the fertilizer industry for production of Single Super Phosphate (SSP). A rough approximation including most costs indicates process costs of 1.43 MEUR/y, which would be less expensive than most of the processes assessed.
For processes based on ash and dried sludge (scenarios 6 to 9), the process cost is only part of the picture, and the influence of wastewater and sludge treatment on the overall cost must be used for comparisons.
Based on German sludge properties, typical transport distances and unit costs, the costs of different routes for sludge disposal were calculated (details given as supplementary material, available with the online version of this paper). The most expensive sludge disposal route is monoincineration and the least expensive is agricultural application. The transport costs for typical distances represent up to 30% of the total disposal cost, often leading to disposal close to the WWTP.
Taking into account the associated changes in sludge disposal costs, the influence of phosphorus recovery on the overall cost of the wastewater and sludge treatment trains was calculated (Table 3 ). If phosphorus is recovered from sludge or sludge liquor (WWTP-based processes; scenarios 1 to 5), the influence is identical to the process costs discussed above, as the sludge disposal pathway is not affected by these recovery options. If phosphorus is recovered from dried sludge or ash (scenarios 6 to 9), the cost influence depends strongly on the existing sludge disposal route. When mono-incineration is already in place, ash-based processes can be realized without additional costs. In the case of co-incineration or agricultural valorization as the existing disposal route, the additional cost of mono-incineration is also part of the cost influence of ash-based processes for phosphorus recovery. Metallurgic recovery generates a calorific gas which is then burnt for heat and electricity in an existing plant, which is included in the process cost. Consequently, this process already accounts for sludge mineralization and will replace current disposal infrastructure. Existing disposal costs are deduced from the overall cost for metallurgic recovery. For example, the process cost of metallurgic recovery is relatively high (4.05 MEUR), but as it already includes costs for sludge mineralization, its influence on overall cost for wastewater and sludge disposal is low (0.96 MEUR-2.39 MEUR).
The present results can be compared with the metastudy of Egle et al. () , which covered most of the P-REX processes, partly using P-REX publications. The reference wastewater treatment system cost of 11 EUR/cap used by Egle et al. is hard to follow, and resulting costs differ from this study by up to a factor of 3 (see also supplementary material, available with the online version of this paper). However, the assessment of Egle et al. confirms the order of cost per capita found in this study: sludge leaching processes > ash-based processes > precipitation processes as well as the cost range from about 0-5 EUR/ PE y of these processes. Other comparative cost assessments use older data (Nättorp & Lüscher ) , or evaluate a set of processes from a research program (Rheinisch-Westfälische Technische Hochschule Aachen Fraunhofer IME Fraunhofer ISI Justus Liebig Universität ). Figure 3 compares how different recovery processes influence the cost of the wastewater and sludge treatment train, also showing the amount of phosphorus recovered. The cost influence of phosphorus recovery is just as dependent on the existing sludge disposal route (mono-incineration, co-incineration or use in agriculture) as the choice of the recovery process. Ash-based plants recover the most phosphorus (1,000-1,400 t/y) at highly variable costs (0.89 MEUR/y to 8.5 MEUR/y). A standard-sized plant for metallurgic treatment of sludge recovers only about 25% of this amount but is also less costly. An even smaller amount of phosphorus is recovered by sludge leaching plants, which also have the highest specific costs per kg P. The precipitation plants recover only small amounts of phosphorus compared with the ash-based plants (up to 36 times less), but their cost influence is low and sometimes they are even profitable.
In Table 3 specific costs per PE and per amount of sludge treated are shown. The cost influence per PE ranges between À0.14 EUR/y and 3.13 EUR/y. This can be compared with the mean total cost for wastewater collection and treatment in Germany of 92 EUR/PE y (Lamp & Grundmann ) . The introduction of phosphorus recovery, even with the most expensive process studied, would increase the total cost for wastewater disposal by at most 3%. The specific cost influence per kg P ranges between À3.81 EUR and 10.05 EUR. Thus the cost influence of some processes can compete with the market price of phosphorus rock (0.91 EUR/kg P; World Bank ) or struvite (0.30 EUR/kg P-1.00 EUR/kg P). Other processes are more expensive, by up to a factor of 11.
Most processes are thus not profitable in the current legal framework, which explains why essentially only sludge and liquor precipitation is operated commercially today. The specific cost influence per t of sludge ranges between À3 and 66 EUR. If the sludge is currently disposed of in agriculture (at 49 EUR/t), the overall cost (recovery þ disposal) would consequently decrease if the low-cost process is implemented or increase by 130% if the most costly process for phosphorus recovery is implemented.
The overall influence on wastewater and sludge treatment between processes is made up of cost types, which are shown per kg P recovered in Figure 4 . The capex and the related maintenance cost are highest for Metallurgic sludge treatment and Ash leaching 1. Sludge precipitation and Liquor precipitation 1 also have high specific capex. The latter processes require several unit operations, and the specific capex and maintenance costs become substantial due to their low overall P yield. Specific material costs are the highest for sludge leaching, which can be explained by the high acid consumption to dissolve phosphorus from a comparatively dilute matrix and subsequently the need for caustic to precipitate phosphorus again. Sale of phosphoric material is counted only for Sludge precipitation 1 and Ash leaching 2, where a product price is guaranteed by the supplier. In both cases it makes an important contribution to the attractiveness of the process (see 'Material revenue' section). Operational benefits for the WWTP can compensate for other costs; the sludge precipitation process even becomes profitable overall. As mentioned, the processes based on dried sludge and ash (scenarios 6 to 9) have an influence on the sludge disposal cost. In Figure 4 the influence in a reference scenario with existing mono-incineration is shown. In this reference scenario, the cost for metallurgic treatment is partly compensated by savings, since incineration capacity is no longer needed. The ashbased processes also have slight savings compared with the reference as the landfill of the mono-incineration reference scenario is no longer needed. Existing monoincineration is the most favourable reference scenario. The cost influence of these processes on the co-incineration and agricultural use reference scenarios is higher (Table 3) .
Sensitivity
The cost sensitivity of the different processes was quantified for selected input parameters: phosphorus content in input material, production plant size and interest rate.
At a higher phosphorus content of the input material, most cost types remain unchanged, as only some chemicals must be dosed proportionally to the phosphorus content. Higher phosphorus content of input leads to more recovered material with fundamentally the same process cost. Thus, the specific process cost is nearly inversely proportional to the phosphorus content. Sludge precipitation is a special case: normally, process cost is outweighed by the benefits for the WWTP processes (e.g. less encrustation), which leads to an overall cost benefit. For high phosphorus content of the input material, chemical costs increase, so the overall cost benefit shrinks or even disappears.
In general, the specific process cost is lower in larger production plants due to economies of scale (figure provided in the supplementary material, available with the online version of this paper), to constant personnel costs and to a proportionally smaller investment cost increase for larger plants. The effect of plant size is the highest where investment is high (liquor precipitation, metallurgic and thermo-chemical recovery) and the lowest where material costs dominate (sludge leaching).
To sum up, process costs are sensitive to the phosphorus content in input material and to size of production plant. However, cost ranking between processes was stable in almost all cases, so that the overall results are expected to be valid in most settings.
Material revenue
The sale of recovered phosphoric material could cover part of the recovery costs. In Figure 5 the cost influence of the processes in the reference scenario with existing monoincineration of sludge is compared with market prices for fertilizer raw materials (Nättorp et al. ) . Liquor precipitation 1 and Ash leaching 2 already include revenue from phosphorus material sales in the specific net cost.
The sludge and sludge liquor-based processes produce struvite, for which the market is still developing. Typical prices up to now are between 0.30 EUR and 1.00 EUR/kg P. Sales could thus make a small contribution to the overall profitability of the precipitation and sludge leaching processes from 3% to 30%.
The income from sales of materials recovered from dry sludge or ash can be estimated by comparison of quality (heavy metal contamination, phosphorus concentration and plant availability; Remy & Jossa ; Wilken et al. ) with phosphorus rock (0.90 EUR/kg P, harbour bulk price; World Bank ):
• Sale of material as P rock could reduce the cost influence of metallurgic treatment by 40%. However, the material recovered by metallurgic treatment is more contaminated than P rock and also has a lower P concentration, so material sales contribution is expected to be less than the P rock price.
• The material recovered by Ash leaching 1 is more plant available but more contaminated than P rock and thus might have a similar market price. In that case, material sales could reduce the cost influence by 20%.
• Sale of output material at the price of P rock would reduce the cost influence of the thermochemical ash treatment by 50%. However, although more plant available than P rock, the material recovered by thermochemical ash treatment is more contaminated and less concentrated. Consequently, the materials sales contribution would likely be below 50%.
CONCLUSIONS
Process costs from an investor's perspective were calculated for selected processes for phosphorus recovery from municipal sewage sludge, sludge liquor or sludge incineration ash, taking into account all relevant side-effects on the sludge treatment or the WWTP. The different cost types (capex, material cost and revenue, energy cost, and revenue and personnel) all contribute to the cost of the different processes. Taking into account the associated changes in sludge disposal costs, the influence of phosphorus recovery on the overall cost of reference wastewater and sludge treatment trains was calculated.
Three different process groups can be distinguished: precipitation, sludge leaching, and processes based on dry sludge or ash (Table 4 ). For all three groups the specific cost influence per PE is low compared with the total costs of wastewater collection and treatment (92 EUR/PE y; Table 4 ). The specific cost influence per amount of phosphorus recovered with precipitation processes ranges from negative up to 230% of current market prices for phosphorus from triple-superphosphate (TSP). For sludge leaching, it is about 600% of the current TSP price. For processes based on dry sludge or ash, the cost influence ranges from 40% to 300% of the TSP price. If costs for switching to mono-incineration are included, the price range is from 130% to 430% of the current TSP price.
In summary, the cost of recovery per PE, even with the most expensive process assessed, is at most 3% of the wastewater disposal cost. Implementing a P recovery process will not lead to a large cost increase in the wastewater disposal system. At least one precipitation process is profitable, and one ash-based process is on the verge of being profitable. Other processes based on ash or sludge can recover at costs comparable to or even lower than the market price of TSP. However, they are not yet profitable, as the output material is of lower quality than TSP with regard to plant availability, P concentration, or heavy metal content.
In most cases phosphorus recovery and recycling would come at a cost. However, these costs can be seen as affordable for society. Policy makers will have to set priorities and choose between the low cost of today's fertilizers and somewhat higher costs with the benefit of higher supply security for Europe considering the criticality of phosphorus rock supply.
The present study is unique thanks to the quality achieved through primary data from technology providers and operators and rigorous validation in the project consortium. Data were standardized for the German price level, for a certain plant size and for a certain phosphorus concentration in the raw materials. They are thus useful to show the importance of various parameters for the total cost and to compare processes. They will have to be updated over time and complemented when considering investment projects in other countries. In general, it is necessary to use other criteria as well as cost for decision making, in particular the environmental impact, as phosphorus recovery is also motivated by environmental concerns. As mentioned, some of the data are of lower quality, as no production campaign has yet been performed for some processes. This might change in the future. The processes will also be further developed, and others might reach pilot or production scale.
Political decisions are important for the further development of phosphorus recycling. This study has shown that the costs are affordable but that phosphorus recycling, like many environmental technologies, is not profitable unless policy provides a driver. Given this situation, technology developers will develop the best possible solutions for phosphorus recovery. This study and the business models analysed (Hukari et al. ) show that both outputs (phosphoric product and by-products) and other services (mineralization, better control of EBPR) can contribute to cover the process costs. So, to improve overall profitability, both increased income and decreased costs can be helpful. As the example of Ash leaching 2 (Ecophos process) shows, achieving high output quality can also considerably improve profitability. 
